Abstract: Glyceryl ferulate was synthesized through condensation of ferulic acid and glycerol at 50 in glycerols with different water contents using an immobilized lipase from Candida antarctica in a batch reactor, and condensation in the glycerol with a 7.5% (w/w) water content was shown to be the favorite. The solubility of ferulic acid was higher at higher temperature in glycerol with a lower water content. The viscosity was lower at higher temperature for the glycerol with a higher water content. The condensation was carried out using a batch reactor at a temperature from 50 to 90 . These observations indicated that the condensation at 80 in the glycerol with a 7.5% (w/w) water content was the most adequate for continuously synthesizing glyceryl ferulate. A reactor system was constructed for the continuous synthesis and was steadily operated to realize a productivity of 430 kg/(m 3 -reactor(day) without any decrease in the conversion for at least 6 days.
INTRODUCTION
Ferulic acid exists in free or bound form in plants 1, 2) . It is a promising raw material for functional foods and cosmetics because it has physiological functions [3] [4] [5] . However, low solubility in both water and oil 6) restricts its utilization. Introduction of a hydrophilic or hydrophobic group to ferulic acid would improve its water-or oil-solubility. We reported the synthesis of alkyl ferulates in primary alcohols using an immobilized lipase 7) . Alkyl ferulates were more soluble in oil and suppressed more effectively the oxidation of linoleic acid in both bulk 8) and encapsulated 9) systems than unmodified ferulic acid.
On the other hand, Tsuchiyama et al. 10) synthesized a hydrophilic derivative, glyceryl ferulate through condensation of ferulic acid with glycerol using ferulic acid esterase from Aspergillus niger and showed that the derivative had a high water-solubility. The product would be a promising raw material for goods such as cosmetics. Wang et al. 11) also reported the synthesis of glyceryl ferulate through transesterification of ethyl ferulate with glycerol using an immobilized Candida antarctica lipase. The enzyme can also catalyze condensation of an alcohol and a carboxylic acid to produce the corresponding ester, and we used the enzyme for synthesizing sugar and sugar alcohol esters with fatty acids 12) . Glyceryl ferulate would be synthesized through the condensation of ferulic acid with glycerol using the enzyme in a substrate, glycerol, itself.
In this paper, a reactor system is proposed for synthesizing glyceryl ferulate through condensation using the enzyme based on optimization of the conditions for the synthesis.
EXPERIMENTAL

1
Immobilized lipase from Candida antarctica, Chirazyme ® L-2 C2, was purchased from Roche Molecular Biochemicals, Mannheim, Germany. The lipase predominantly acts on primary hydroxyl group of an alcoholic substrate. Ferulic acid was purchased from Tokyo Chemical Industry, Tokyo, Japan. Glycerol and other chemicals were purchased from Wako Pure Chemical Industries, Osaka, Japan, and were used as received.
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Journal of Oleo Science Copyright ©2008 by Japan Oil Chemists' Society J. Oleo Sci. 57, (7) 375-380 (2008) Five milliliters of a glycerol containing 1, 2, 5 or 10% (w/w) water was put into a test tube, and the tube was placed in a DTU-1C dry thermo-unit (Taitec, Koshigaya, Japan) to be pre-heated at a temperature from 50 to 100 . The water content of glycerol was measured using a Karl-Fischer titrator (MKS-510N, Kyoto Electronics, Kyoto, Japan). After 10 min had elapsed, powdery ferulic acid was added into the tube. The amount of added ferulic acid was 0.5 g for the solubility at 50 to 80 and 0.6 g for the solubility at 90 and 100 . At appropriate time intervals, 20 mL of the solution was removed carefully so as to contain no ferulic acid powders. The sample was immediately diluted 100-fold with an eluent for HPLC analysis. The concentration of ferulic acid was determined using an LC-10ADvp HPLC (Shimadzu, Kyoto, Japan) equipped with a Capcell Pak C18 column (4.6 mmf 150 mm; Shiseido, Tokyo, Japan) and Shimadzu SPD-10Avp UV detector at 320 nm. The eluent was a mixture of methanol and 0.2% (v/v) acetic acid (40/60, v/v), and its flow rate was 1.0 mL/min.
3
The viscosity of glycerol was measured using a TVE-20LT rotational viscometer (Toki Sangyo, Tokyo, Japan) at a rotational speed of 2.5 rpm at 50, 60, 70 or 80 , which was regulated using a Taitech LabBath water bath. The water content of glycerol was in the range of 1 to 50% (w/w), and the volume of the glycerol used for the measurement was 1.0 mL. Prior to the measurement, the viscometer had been calibrated using a JS500 standard solution (Showa Shell Sekiyu, Tokyo, Japan).
4
Glycerol having a water content of 1 to 50% (w/w) (5 mL) was put into a 10-mL glass vial, and the vial was immersed in a water batch kept at 50 . Ferulic acid at 29 mg, which corresponded to 30 mmol/L, was put into the vial to be completely dissolved in the glycerol. The immobilizedenzyme particles (0.1 g) were then put into the vial to commence the condensation of ferulic acid and glycerol at 50 . The condensation was performed for 6 days. At appropriate intervals, 0.1 mL of the reaction mixture was removed from the vial and centrifuged at 5030 g using a Millipore Chibitan centrifuge (Billerica, MA, USA). The supernatant was diluted 100-fold with an eluent for HPLC analysis. The concentrations of glyceryl ferulate and ferulic acid were determined using a Shimadzu LC-10ADvp HPLC (Kyoto, Japan) equipped with a Capcell Pak C18 column (4.6 mmf 150 mm, Shiseido, Tokyo, Japan) and an SPD-10Avp UV-vis detector (320 nm; Shimadzu). The sample (10 mL) applied to the column was eluted with a mixture of methanol and 0.2% (v/v) acetic acid (40:60, v/v) at 1.0 mL/min.
The effect of temperature on the formation of glyceryl ferulate was examined using a glycerol with 7.5% (w/w) water content as follows: The glycerol (5 mL) and the immobilized enzyme (0.1 g) were put into a 10-mL glass vial, and the vial was kept at 50, 70, 80 or 90 for 48 h using a water bath (for 50 and 70 ) or oil bath (Mini-heater MH-5E, Riko Kagaku Sankyo, Funabashi, Chiba, Japan) (for 80 and 90 ). Ferulic acid at 399 mg, corresponding to 400 mmol/L which was the saturated concentration of ferulic acid in glycerol with 7.5% (w/w) water content, was then put into the vial to commence the synthesis of glycerol ferulate. The concentrations of glyceryl ferulate and ferulic acid in the reaction mixture were determined by the HPLC methods described above.
5
shows the reactor system for continuously synthesizing glyceryl ferulate using glycerol with 7.5% (w/w) water content. The immobilized enzyme (20 g) was put into a vial containing the glycerol (50 mL), and the vial was kept at 80 for 48 h. The immobilized enzyme was then packed into a cylindrical glass column (10 mmf 40 mm). The glycerol (500 mL) and ferulic acid (75 g) were put into an Erlenmeyer flask, and the mixture was magnetically stirred to dissolve ferulic acid at its saturated concentration. A feed reservoir contained the glycerol alone. The feed reservoir, the dissolution vessel for ferulic acid and the immobilized-enzyme column (reactor) were connected in series via a pump. The dissolution vessel and the reactor were installed in a DN-44 oven (Yamato Scientific Co., Tokyo, Japan) to be kept at 80 . An MP-3N peristaltic pump (Tokyo Rikakikai, Tokyo, Japan) and a Shimadzu LC- 
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10ATvp HPLC pump (Kyoto, Japan) were used for feeding the glycerol at residence times in the reactor of 1 to 2.5 h and of 3 to 3.5 h. After the residence time had elapsed twice in the reactor, the reactor effluent was sampled to measure the concentration of glyceryl ferulate by the methods described above.
RESULTS AND DISCUSSION
1
The formation of glyceryl ferulate was measured at 50 in glycerols with various water contents using a batch reactor.
shows the changes in the glyceryl ferulate concentration with time in some glycerols. The formation rate of glyceryl ferulate was slow in the glycerols with 0 and 2% water contents, but the product concentrations became higher than those in other glycerols. Because water is one of products in the condensation, the glycerol having a lower water content would be thermodynamically favored for shifting the reaction toward the condensation. Glyceryl ferulate was formed relatively fast in glycerols having water contents higher than 5%, and its concentration reached equilibrium value within 3 days. The equilibrium concentration of glyceryl ferulate was higher in the glycerol having a lower water content.
The initial formation rate of glyceryl ferulate and its concentration at 144 or 146 h are plotted versus the water content of glycerol in . The glyceryl ferulate concentration could be regarded as the equilibrium one expect in the glycerols with very low water contents as shown in . The glyceryl ferulate concentration at 144 or 146 h decreased monotonically as the water content of glycerol increased. This fact is reasonable because the condensation is controlled thermodynamically. The initial reaction rate increased with the increasing water content of glycerol, became a maximum at nearly 10% (w/w) water content, and then decreased in the glycerols with higher water contents. A great increase in the reaction rate from 0% to 10% (w/w) water content of glycerol would be ascribed to a decrease in the viscosity of glycerol. The decrease of the initial reaction rate in glycerol with higher water contents would be due to both the lower solubility of ferulic acid and the lower equilibrium product concentration.
From the results shown in , we concluded that the glycerol with 7.5% (w/w) water content was the most proper for the synthesis of glycerol ferulate through the immobilized-enzyme-catalyzed condensation of ferulic acid and glycerol. The glycerol was used for further condensation reactions.
2
shows the solubility of ferulic acid in glycerols with 1 to 10% (w/w) water contents at various temperatures. The solubility was higher in glycerol with a lower water content and at higher temperature. The temperature dependence of the solubility, S, obeyed to the van't Hoff equation at any water content of glycerol:
where T is the absolute temperature, R is the gas constant and DH is the dissolution enthalpy. As shown in the inset
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3 3 shows the relationships between the viscosity and the temperature for some glycerols with various water contents. The relationships were measured for glycerols having different water contents and could be expressed by the following Andrade's viscosity equation, which is the same in form as the Arrhenius equation, for glycerol with any water content: 
4
Glyceryl ferulate was synthesized at 50 to 90 using the immobilized enzyme which had been kept at 80 for 48 h ( ). The ferulic acid concentration was 400 mmol/L, which was an overall concentration including undissolved ferulic acid powders, in glycerol with 7.5% (w/w) water content. The synthesis at 50 progressed slowly because of the low temperature. The glyceryl ferulate was formed quickly at 90 but the formation ceased at longer reaction times. The synthesis progressed similarly at 70 and 80 .
The figure also shows the stability of the immobilized enzymes in the glycerol with 7.5% (w/w) water content at a temperature from 80 to 100 . The data was cited from our previous work 13) . The enzyme was stable at 80 and an activity higher than 80% remained even after 5-day storage. As shown above, the solubility of ferulic acid in the glycerol was higher and the viscosity of the glycerol was lower at higher temperatures. The low viscosity would be favored for the immobilized-enzyme reactor because of the low pressure drop.
Based on the results for the solubility of ferulic acid in glycerol, the viscosity of the glycerol, the stability of the immobilized enzyme and the glyceryl ferulate formation in the batch reactor, we concluded that the operation at 80 was the best for continuously synthesizing glyceryl ferulate using the flow-type reactor system.
5
The inset in shows the relationship between the conversion of ferulic acid to glyceryl ferulate and the superficial residence time in the immobilized-enzyme reactor. The conversion was calculated based on the concentration of ferulic acid at the inlet of the reactor assuming the formation of monoglyceryl ferulate. The conversion was higher at longer residence time and reached a constant value of about 80% at residence times longer than 3 h. The conversion would be an equilibrium value under the conditions. Judging from the HPLC chromatogram of the reactor effluent, the main product through the condensation would be monoglyceryl ferulate and the amounts of di-and triglycerol ferulates seemed to be small although they were not quantitatively determined.
Continuous synthesis of glyceryl ferulate at 80 was carried out at a superficial residence time of 3 h for 6 days as shown in . The reactor system could be steadily operated at a conversion of ca. 75% without a significant decrease in the conversion for at least 6 days. This conversion corresponded to a productivity of 430 kg-product/(m 3 -reactor day).
As mentioned above, we could construct a reactor system for continuously synthesizing glyceryl ferulate using a commercially available immobilized lipase from Candida antarctica and demonstrated that the desired product could be produced at a high productivity without any decrease in the conversion for at least 6 days.
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